ABSTRACT: The lesser black-backed gull Larus fuscus is a typical surface-feeding seabird with a widespread, patchy distribution in the SE North Sea. During the 1990s, breeding numbers along the German North Sea coast increased exponentially. Analyses of a multiple-year data set revealed changes in the at-sea distribution that seemed to reflect an increase in the numbers of breeding birds. Detailed recordings of feeding and resting behaviour at sea revealed area utilisation by the lesser black-backed gull. Observations at sea and dietary analysis revealed that swimming crabs Liocarcinus spp. are a major dietary item of this gull species. This natural food source was primarily captured close to the shore; at longer distances from the coast the gulls mainly fed on other natural prey items or discarded fishes from trawlers and avoided competition with other breeding gull species. During July and August 1990 to 1995 L. fuscus abundance was significantly correlated with fishing effort, while in May and June there was no such correlation. Time of day was the main environmental variable influencing the gulls' flight activity and indicated an association between activity and availability of their major natural prey, swimming crabs. Distinct patterns and changes in the at-sea distribution and foraging behaviour of L. fuscus in the SE North Sea reflect anthropogenic and natural influences in their habitats.
INTRODUCTION
In many parts of the world, seabirds choose different habitat types at sea and exhibit typical patterns of niche segregation in order to avoid competition (e.g. Hunt 1990 , Ainley et al. 1992 , Ribic & Ainley 1997 , Hunt et al. 1998 . These relationships may be even more important for closely related species like gulls (Laridae) that live sympatrically. In this context, habitat selection is of primary importance and has been investigated intensively (e.g. Hunt & Hunt 1973 , Garthe et al. 1999 . A recent study found that 4 breeding gull species in the German Bight, SE North Sea (the blackheaded gull Larus ridibundus, the mew gull L. canus, the herring gull L. argentatus and the lesser blackbacked gull L. fuscus) showed specific niche-segregation patterns, with that of the latter species being the most isolated (Kubetzki & Garthe 2003) . For the lesser black-backed gull, a particularly pronounced and widespread offshore distribution, even during the reproductive period, has been found in recent years (Camphuysen 1995 , Kubetzki & Garthe 2003 ; this species also shows major dietary differences from the other breeding gull species, indicating specialised foraging strategies. Both distribution and foraging behaviour are considered to be related to the strong population growth of this species in the SE North Sea (Garthe et al. 1999 , Dierschke & Hüppop 2003 , Kubetzki & Garthe 2003 .
However, it is still unclear whether the distribution patterns of Larus fuscus at sea have changed during the last few years as a result of high variability in the foraging behaviour of lesser black-backed gulls or because of the exponential growth of the population that has been recorded since the mid-1980s and that might have forced the lesser black-backed gull to re-distribute in particular areas to avoid intraspecific competition. It is also not clear whether certain areas at sea are used more intensely than others, suggesting the use of particular natural or anthropogenic food sources.
Distribution patterns of this gull species have never been analysed using a multiple-year data set, nor have they been examined in relation to its feeding behaviour and diet. Such approach could reveal areas of special importance to this gull. In contrast to fishery bycatch and discards which are known to comprise an important supplement to its diet (e.g. Hunt & Hunt 1973 , Spaans et al. 1994 , Walter & Becker 1994 , the role of natural food (i.e. food unconnected with anthropogenic activities) is still unclear. There are several indications that this gull is able to live on pelagic prey species hunted in a natural way (Goethe 1975 , Sjöberg 1989 , Strann & Vader 1992 , but it is still not known what particular role this natural food plays in the gull's diet and in which way it may effect its at-sea distribution with regard to its high population numbers.
In this study, multiple-year data sets on lesser blackbacked gull distribution from 1990 to 2002 have been combined with newly developed recording schemes of behavioural patterns at sea using a standardised method (Camphuysen & Garthe 2004) . Gull abundance and behaviour at sea were related to the abundance of major prey types in diet samples collected in breeding colonies in the study area. Potential explanations for spatial and temporal patterns are presented that may help to understand the foraging strategies of this abundant surface-feeding seabird in the SE North Sea.
MATERIALS AND METHODS
The distribution and behaviour of Larus fuscus at sea were investigated in the German Bight, SE North Sea; the study area was 5 to 9°E and 55°30' to 53°30' N ( Fig.  1 ). Birds were counted from the top decks of various research vessels (deck heights from 2.2 to 14 m above the sea surface) in accordance to the method of Tasker et al. (1984) and Garthe et al. (2002) . Briefly, each bird swimming within a 300 m wide transect (distance from the sides of the vessels, usually travelling at about 10 knots) was counted. Birds flying inside the transect were recorded by the 'snapshot' method; i.e. arbitrarily counting only those birds which flew into or across the transect at every full min to avoid counting any individual more than once (Tasker et al. 1984) . As the probability of detecting birds swimming close to the vessel is 246 Fig. 1 . Study area in the SE North Sea. Open symbols indicate areas surveyed (i.e. observer effort) in 1992-1994, 1996-1998 and 2000-2002 ) by the total area surveyed within that grid (i.e. observer effort; open symbols in Fig. 1 ). The data used for investigating distribution patterns were taken from the 'German Seabirds at Sea' database (Garthe & Hüp-pop 2000) Version 3.04 (September 2002) for the months May to August of the years 1990 to 1992, 1994 to 1996, and 2000 to 2002. To detect variation in gull distribution between the 3 time intervals and between different areas of the German Bight, 4 specific areas (Boxes A to D in Fig. 1 ) with a similar observation effort were compared using χ 2 -tests for goodness of fit. In order to run the test, expected values for gull densities were calculated for each of the 4 areas.
Behaviour at sea was analysed from May to August 2002 (observer effort indicated by filled symbols in Fig. 1 ) following the descriptions of Ashmole (1971) and Camphuysen & Garthe (2004) . We chose 3 different classes of behaviour: (1) searching for natural food (gulls flying with their heads pointing down towards the sea surface or actively hunting or feeding); (2) association with fishing vessel (gulls in vicinity of an operating fishing vessel searching for discards or by-catch or resting after having fed from trawler wastes); (3) resting (gulls resting inactive on the sea surface, sleeping or preening). Different feeding techniques were also recorded as 4 categories: (1) dipping (taking up prey in flight while barely touching the sea surface); (2) pecking (sitting on the water while pecking up tiny prey items); (3) shallow plunging (diving for prey); (4) surface-seizing (sitting on surface while feeding on large prey which could not be swallowed at once). The 3 behavioural categories were analysed on a spatial and on a daily time scale applying χ 2 -statistics. For the daily scale, the day was divided into morning, mid-day and evening (03:00-08:59 h, 09:00-14:59 h and 15:00-19:59 h UTC respectively); morning and evening hours were combined in order to obtain comparably large sample sizes. Prey items were recorded as often and as accurately as possible before being ingested by the gulls.
Distance to the coast is a major factor affecting seabird distributions in the German Bight (Garthe 1997) , and the 3 behavioural categories were therefore examined as a function of this factor by calculating the distance of each central point of the 3' latitude × 6' longitude grid cells from the closest point on land (including Wadden Sea islands but excluding island of Helgoland) and comparing with gull densities in the particular grid cell using χ 2 -tests.
The distribution of gulls can be closely related to trawler presence, although this does not seem to have had any significant effect on the distribution of the lesser black-backed gull at the temporal and spatial scales studied so far (e.g. Camphuysen 1995 , Garthe 1997 ). To test for any possible relationship at a large spatial and temporal scale, international fishing-effort data (British, Danish, Dutch, German and Norwegian trawlers) from 1990 to 1995 (Jennings et al. 1999 ) were compared with Larus fuscus distribution recorded over the same period. Spearman rank-correlation was used to compare total fishing effort in 16 ICES-rectangles with the mean densities of lesser black-backed gulls in each rectangle for 2 different annual periods.
The activity of gulls in a breeding colony can be influenced by various temporal, physical or meteorological factors (e.g. Burger 1976 , Garthe et al. 1999 ). In addition to behaviour recorded at sea, flight-activity patterns were recorded near a lesser black-backed gull colony on the island of Norderney (see Fig. 2 ) for 7 d in June and 5 d in July 2002. Gulls heading out to sea or returning to the colony and flying across a line of 800 m length set arbitrarily along the colony edge were counted during daylight hours. The flight activity of birds leaving and returning to the colony was calculated and compared to time of day UTC, tide, wind force, wind direction and abundance of fishing vessels, using a 5-way ANOVA.
To assess the importance of prey items taken by the gulls at sea, their diet was analysed on the basis of pellets collected during the egg stage and the chick-rearing period in the colony on Norderney in 2002 and in the colony on Amrum in 2003 (see Fig. 2 ). Following the method of Duffy & Jackson (1986) , the frequency of occurrence of each food category was determined. Duffy & Jackson (1986) pointed out biases in the use of this method, in that hard components may be overestimated and soft items such as small fishes are likely to be underestimated. However, as the present study mainly focuses on trends in the diet of major prey categories and compares these to those in other dietary studies of the lesser black-backed gull, results using this method should be valid. More detailed analyses for the same or nearby colonies using similar methods have recently been published (Garthe et al. 1999 , Kubetzki & Garthe 2003 .
RESULTS

Distribution at sea
The lesser black-backed gull showed a widespread distribution, and appeared in high numbers in both coastal waters and offshore areas up to more than 
Behaviour at sea
Spatial distribution. During the research cruises in 2002, 55.3% of all lesser black-backed gulls recorded were classified into the 3 behaviour categories. Most individuals were associated with fishing vessels (25.4%) and therefore distribution of these gulls was strongly aggregated (Fig. 5) , with high numbers in coastal waters (mostly associated with shrimp trawlers) and highest numbers at 40 to 60 km distance from the shore (mostly associated with beam trawlers: see below). Birds actively searching for natural food (14.0%) were much more evenly distributed and widespread over the whole study area (Fig. 6 ), but appeared in highest numbers close to the shore as well as at 60 to 100 km distance from the coast (see below). Resting gulls (15.9%) were only recorded within 60 km of the coast (Figs. 7 & 8) , while 44.7% of the birds flying fell into no behaviour category. Densities within the 6 distance classes (Fig. 8) were significantly different among the 4 behavioural categories (χ 2 = 591.12; df = 15; p < 0.001).
Temporal variation in behavioural categories. The behaviour of lesser black-backed gulls at sea was partly influenced by time of day. The proportion of all individuals searching for natural food was highest during the morning and evening hours and decreased significantly during the mid-day hours, whereas the proportion of gulls associated with fishing vessels showed the opposite pattern (Table 1) . For resting gulls, no significant difference was recorded as a function of time of day. Südbeck & Hälterlein (1994 , 1995 and Hälterlein & Südbeck (1996) 
Feeding behaviour
Items carried or hunted were recorded for lesser black-backed gulls searching for natural food; a total of 85 crustaceans (25 of these were Liocarcinus spp.), 39 fishes, 3 birds, 1 starfish and 1 bivalve were identified. As crustaceans seemed to be the most common food of naturally feeding individuals, this food item was studied in more detail.
First, there was a distinct spatial pattern in feeding on crustaceans in the study area. Most crustacean prey were recorded only at distances of up to 30 km from the coast (Fig. 9) , and differences between the 4 boxes were significant (χ 2 = 54, 39; p < 0.001). Second, there was a temporal variation in the feeding on crustaceans, both as a function of time of year and time of day. In regard to season, there was an increase in feeding events from May to August 2002 (May: 11; June: 21; July: 27; August: 41) (χ 2 = 19.28; df = 3; p < 0.001) -observer effort was nearly constant each month. In regard to time of day, 46 crustaceans were taken during the morning (0.12 crustacean con- In addition to natural food, the lesser black-backed gulls following fishing vessels were observed in high numbers (Fig. 5) . During May and June, the months of main breeding activity, gull densities were not significantly associated with areas of highest fishing effort (data for 1990 to 1995, Spearman rank correlation; r s = 0.165; not significant) as there were numerous gulls close to the shore (Fig. 10) . During July and August, the highest gull densities shifted to the areas of highest fishing effort (r s = 0.915; p < 0.001, Fig. 11) .
Analysis of the main food items of lesser blackbacked gulls from Norderney collected during the egg stage in 2002 revealed fishes and terrestrial Jennings et al. (1999) invertebrates to be the most frequent food items (both appearing in 45% of the samples), followed by Liocarcinus spp. (23%). During the chick-rearing period, Liocarcinus spp. was the most common prey type (44%) with fishes ranking second (28%) and terrestrial invertebrates less frequent (18%). For the samples collected from Amrum in 2003 during the egg stage, Liocarcinus spp. was the most frequent dietary item (71%), terrestrial invertebrates (28%) and fishes (15%) were less common. During the chick stage, the proportion of Liocarcinus spp. was slightly higher (78%), while the proportions of terrestrial invertebrates (17%) and fishes (7%) were lower (see also Table 3 ).
Flight activity near the colony
Flight activity of lesser black-backed gulls near the colony of Norderney was due to various factors. The best ANOVA model was for birds leaving the colony (R 2 = 0.51), followed by that for birds returning to the colony (R 2 = 0.39).
For both scenarios, time of day had a significant effect on flight activity, with a distinct pattern of strong morning and evening flight activity (means of 154.7 ± 37.5 and 195.2 ± 32.1 gulls crossed the counting line between 03:00 and 08:59 h and 15:00 and 19:59 h respectively). In contrast, flight activity decreased substantially during mid-day (mean of 87.5 ± 18.1 gulls between 09:00 and 14:59 h). Wind force was the only variable which had no significant effect, while tide, wind direction, abundance of fishing vessels and the combined effects were significant only for gulls leaving the colony (Table 2) 
DISCUSSION
Compared to other gull species, lesser black-backed gulls have a very extensive feeding range, resulting in a widespread distribution (see also Pearson 1968 , Camphuysen 1995 , Kubetzki & Garthe 2003 . In the Wadden Sea area, the breeding population has increased almost exponentially during recent years (e.g. Spaans 1998 . The shift in areas of high abundance at sea during the 3 study periods is partly due to increases in the number of breeding pairs, resulting in an exponential population growth off the German North Sea coast since the mid1990s. The average numbers of breeding pairs for the 3 periods (1992 to 1996: 7143 pairs; 1996 to 1997: 17 700 pairs; 2000 to 2002: 30 997 pairs) (Südbeck & Hälterlein 1994 , 1995 , 2001 , Hälterlein & Südbeck 1996 , 1998 are reflected in the increasing densities at sea. However, it is still not clear what has caused particular hot-spots of lesser black-backed gull abundance and the reason for their shifts in the German Bight during the study period. To achieve insight into possible reasons, an investigation of the species' behaviour patterns and main food types was made. This study is one of the first to undertake such an approach.
The results of dietary analyses may help to achieve a better understanding of the feeding ecology of this species and its relations to anthropogenic, terrestrial and natural food from the sea. With an ability to dive only 0.5 m deep (Goethe 1975) or to take food items floating close to the surface by dipping, the lesser black-backed gull is only capable of hunting prey which occurs on or at least temporarily near the water surface. In both colonies studied, fishes and Liocarcinus spp. were the gull's most common food. Fishes can be captured naturally, but can also originate from discards or by-catch of fishing vessels. When identifying fishes from pellets of lesser black-backed gulls to species level, several authors found a high amount of fish species (such as gadids) that live close to the bottom, and thus can only become available to gulls through anthropogenic activities (e.g. Noordhuis & Spaans 1992 , Spaans et al. 1994 , Camphuysen 1995 , Garthe et al. 1999 , Dierschke & Hüppop 2003 . Discard experiments have shown that lesser black-backed gulls following fishing vessels took up mainly fishes, and hardly fed on discarded crustaceans (e.g. Camphuysen et al. 1995 , Walter & Becker 1997 , our own obs.). Thus it is very likely that the high proportion of Liocarcinus spp. found in the diet samples in both colonies were obtained by natural feeding. Frequent observations of lesser black-backed gulls feeding on crustaceans during the research cruises in 2002 (Fig. 9 ) strongly support this conclusion. Considering the high quantities of Liocarcinus spp. in the pellets, especially on Amrum in 2003, this type of prey obviously makes a very significant contribution to the diet of lesser black-backed gulls. This becomes even more obvious when considering the fishes/Liocarcinus spp. ratio for this particular colony (Table 3 ). The capture of free-living pelagic crustaceans has also been recorded in other gull species elsewhere (Stewart et al. 1984 , Munilla 1997 .
Comparison of the results of earlier studies on pellets with those of this study (Table 3) revealed the following: the abundance of Liocarcinus spp. in 1985 and 1986 (Noordhuis & Spaans 1992 as well as in 1992 (Spaans et al. 1994 ) was very low, but increased in subsequent years (except for Norderney in 2002 and Helgoland in 2003) . This could be due to 2 factors. First, the study sites were different; thus, comparison is not possible without taking into account possible differences in the availability of the crustaceans in the different areas. Second, abundance of Liocarcinus spp. seems to have increased during the last 20 yr. The following supports this: (1) An analysis of by-catches revealed an increase in the abundance of Liocarcinus spp. during the late 1980s, at least for the eastern German Bight (Tiews 1983 (Tiews , 1990 ; unfortunately no similar analysis has since been made. (2) Many studies have demonstrated that fishery activities support benthic scavengers such as Liocarcinus spp. that feed on dead or damaged fishes and other discarded species (e.g. Ramsay et al. 1997 , Demestre et al. 2000 , Frid & Clark 2000 . (3) Liocarcinus spp. are present in significantly higher abundance in areas that have recently been trawled . Rumohr & Kujawski (2000) compared benthos data from 1902 to 1912 with data from 1986, and the numbers revealed of that species were 5 times higher in 1986; the authors named the possible effects of fisheries as responsible for that increase. (4) Besides direct effects of fishery, overfishing of large demersal fish species feeding on small crustaceans or its larvae could have led to an increase in crustacean abundance; e.g. the cod Gadus morhua is known to feed on benthic crustaceans to a large extent (e.g. Casas & Paz 1996 , Gerasimova & Kiseleva 1998 . However, considering the strong difference in the diet of the lesser black-backed gull between Juist and Amrum in 1997 and between Helgoland and Amrum in 2003 (Table 3) recorded in the present study, location would seem to play a decisive role in abundance of this species.
An obvious seasonal change in the diet of the lesser black-backed gull was indicated by dietary analysis and by the increasing number of gulls observed hunting crustaceans at sea. On Amrum as well as on Norderney, there was an increase in the proportion of Liocarcinus spp. in the diet from the egg to the chick stage. These results agree with those of other studies that found a seasonal increase of crustaceans in the diet of gulls (Munilla 1997 , Garthe et al. 1999 , Kubetzki & Garthe 2003 Table 3 ). Taking into account the fact that crustaceans have a much lower energy value than fishes (Cummins & Wuycheck 1971) and that fish diet can significantly enhance the survival rates of gull chicks (Pierotti & Annett 1990 , Spaans et al. 1994 , it is not clear why Liocarcinus spp. dominated the diet during the chick-rearing period. Again there may be more than 1 explanation for this. (1) There are many examples showing that the food choice of gulls can change during the season according to food availability (e.g. Burger 1976 , Curtis et al. 1985 , Sjöberg 1989 , Pierotti & Annett 1990 . Analysing the by-catch of the German brown shrimp fisheries, Tiews (1983) found a strong increase in abundance of Liocarcinus spp. from spring to autumn. Aagaard et al. (1995) described increased activity of the shore crab Carcinus maenas in late summer and autumn, and this might also apply to Liocarcinus spp. Thus increased feeding on crustaceans despite their lower energetic profitability may be the result of their superabundance at certain times of the year. (2) The pure energetic value of food is not always the main factor in food selection. Especially during the breeding season, birds require specific nutrients in their diet (Bezzel & Prinzinger 1990 ). Calcium plays a major role in gull nutrition; it is an important component of eggshells and is necessary for bone development of chicks (e.g. Pierotti & Annett 1990 , 1991 . Liocarcinus spp. (and molluscs) may prove a valuable source of calcium, and capture of Liocarcinus spp. at sea would enable Larus fuscus to avoid the heavy competition of other gulls species on tidal shore flats.
Exploitation of crustaceans could potentially lead to niche-partitioning with other gull species that do not use this source of food so intensively. Recent dietary analyses have revealed no major utilisation of Liocarcinus spp. by mew, black-headed or herring gulls, which mainly forage in the sublittoral zone (Dernedde 1993 , Kubetzki & Garthe 2003 . In addition, competition for discards or by-catch of shrimp trawlers can be avoided by preying on crustaceans. Lesser black-backed gulls follow shrimp trawlers in coastal waters in high numbers at comparatively short distances from their colonies (Fig. 6) , and are in intense competition with other gull species (e.g. Camphuysen 1995 , Walter & Becker 1997 . In contrast, beam trawlers, which mainly fish far offshore, are followed almost exclusively by lesser black-backed gulls (often in high numbers) far away from their colonies, even during the breeding season (Camphuysen 1995 , Walter & Becker 1997 . After the breeding season, fishery activity determines the distribution of lesser black-backed gulls at sea even more strongly (Figs. 10 & 11) . Thus, by feeding mainly on pelagic crustaceans near the coast and following fishing vessels in offshore areas, the lesser black-backed gull tends to adopt 2 different feeding strategies resulting in different spatial and temporal distribution patterns. These findings are supported by observations of 2 different modes of departure on foraging trips in a lesser black-backed gull colony. During the breeding season, the gulls either leave the colony in direct flight, or use a typical search flight, often diving for crustaceans in the early morning and evening hours (Schwemmer 2003) . This indicates that the former were heading towards particular feeding sites such as beam trawlers fishing far off the coast, whereas the latter were searching for natural food, hunting for Liocarcinus spp. as their main food item.
Besides Liocarcinus spp. and discards, pelagic fishes have to be taken into account as a further source of natural food. However, the importance of this food item for the lesser black-backed gull is not clear (Camphuysen 1995 , Kubetzki & Garthe 2003 . Spaans et al. (1994) found that pelagic shoaling fishes play a major role in the gulls' diet during chick-rearing. Dietary analysis and behavioural observations in the present study revealed utilisation of pelagic fishes by the lesser black-backed gull to be rare, indicating that this food may be taken as a supplementary rather then a major prey type (see also Table 3 ). However, pelagic fishes are probably underestimated in dietary analyses because of their high digestibility (see e.g. Duffy & Jackson 1986 ).
Robust relationships between avian feeding behaviour and daily activity patterns of their prey has been found in many studies (e.g. Bohl 1980 , Piersma et al. 1988 , Sjöberg 1989 . For the lesser black-backed gull, this also appears to be the case. Increased availability of their main food item, Liocarcinus spp., could have caused the strong peaks of flight activity in the morning and evening, although birds tend to show strong diurnal activity patterns with morning and evening peaks independent of external stimuli (Aschoff 1966) .
In terms of seasonal activity, the lesser black-backed gull tended to move into areas of higher fishing effort during July and August. Here, time of the year did not seem to be the most important factor. Movements of the gull during this period could be due to the end of breeding activity, allowing foraging at longer distances from the shore, in the areas of higher food availability provided by fishing vessels.
In conclusion, the behaviour of lesser black-backed gulls in the SE North Sea reflects anthropogenic and natural factors by distinct patterns and changes in atsea distribution, diet and prey-related foraging. Because of its high abundance and characteristic offshore distribution, this species might prove a suitable bio-indicator species for evaluating changing conditions in both the natural marine environment and anthropogenic activities (see also Montevecchi 1993) .
